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Rising oil prices, fears of global warming, and instability in oil-producing countries have ignited 
the rush to produce biofuels from plants. The science is progressing rapidly, driven by favorable 
policies and generous financing, but many hurdles remain before cars and trucks run on “gasohol” 
or “grassoline.”As crude oil prices continue to rise and 
concerns about climate change inten-
sify, biofuels—energy-laden compounds 
derived from plants such as corn, soy, or 
sugar cane—are staging a comeback. In 
May this year, President Obama launched 
a new national policy to both increase fuel 
economy and reduce greenhouse gas 
pollution for all new cars and trucks sold in 
the United States (http://www. whitehouse.
gov/the_press_office/ President-Obama-
Announces-National-Fuel-Efficiency-
Policy/). The new standards are projected 
to save 1.8 billion barrels of oil and to 
reduce greenhouse gas emissions by 
~900 million metric tons. This so-called 
National Fuel Efficiency Policy has finan-
cial weight. On May 5, President Obama 
announced that $786.5 million from the 
American Recovery and Reinvestment 
Act will be provided to speed research 
and development of advanced biofuels 




Options/). That action is expected to 
help the nation meet mandates set by the 
Energy Independence and Security Act 
of 2007 (http://energy.senate.gov/ public/_
files/RL342941.pdf). Principal among 
these is that biofuels added to gasoline 
must increase to 36 billion gallons by 
2022 (from 4.7 billion gallons in 2007). 
The Energy Act also specifies that 21 of 
the 36 billion gallons of biofuels produced 
by 2022 must come from non-cornstarch 
products (e.g., sugar or cellulose) and that 
there must be a clear benefit to green-
house gas reduction.
These recent moves add to the $375 
million that the Department of Energy 
(DOE) committed in 2007 to launch a 
5 year Bioenergy Research Initiative 
(http://genomicsgtl.energy.gov/centers/ 
brcbrochure.pdf). The goal of this ini-
tiative is to pioneer the next generation 
of biofuels and to achieve the ultimate federal target of a 30% reduction in 
gasoline consumption in the US by 2030 
(http://www1.eere.energy.gov/biomass/ 
biofuels_initiative.html).
From a scientific perspective, these 
government financial incentives are 
adding to those of industry and venture 
capital and are helping to spearhead an 
unprecedented alliance of biologists, 
chemists, and engineers. The goal is 
to produce second-generation biofuels 
(dubbed “grassoline”) that are derived 
from the cellulose of plant cell walls; 
first-generation biofuels are produced 
from fuel-rich sugars inside plants. Bio-
fuels development includes a variety of 
new strategies such as genetically engi-
neering plants with cell wall polymers 
that can be cleaved, finding and retool-
ing enzymes that digest cell walls, and 
designing microbes that can more effi-
ciently ferment plant sugars to produce 
ethanol.
In parallel, ethanol production has 
increased worldwide, reaching 17.8 billion 
liters in Brazil and 18.4 billion liters in the US 
in 2006 (http://books.nap.edu/ openbook.
php?record _ id=12450&page = 49). 
Although the total (36.2 billion liters) would 
replace less than 1% of gasoline used per 
year, ethanol production is expected to 
double by 2015 in Brazil; to triple in the 
US, possibly reaching 136.8 billion liters 
per year by 2022; and to rise to 15 billion 
liters per year by 2020 in the European 
Union (where sugar beets are the main 
plant source for biofuels). At the same 
time, second-generation biofuels have 
the potential to reduce greenhouse gas 
emissions by 86%, according to the Great 
Lakes Bioenergy Research Center, one 
of the DOE-funded centers (http://www. 
greatlakesbioenergy.org/wp-content/
uploads/2009/05/biofuelsmythvfact.pdf).
Given this environmental boon, one 
would expect the green movement to 
embrace biofuels. But environmentalists 
argue that the land required to grow the Cestimated 1.3 billion tons of plant bio-
mass needed annually to produce suffi-
cient ethanol to reach government-man-
dated goals will come at the expense 
of crop acreage dedicated to food pro-
duction. Biofuels also must compete 
with other emerging technologies. For 
example, in March this year, the DOE 
committed $277 million of American 
Recovery and Reinvestment Act funding 
for 46 Energy Frontier Research Centers. 
The funds will be awarded on a com-
petitive basis for advanced fundamen-
tal research in fields ranging from solar 
power and nuclear energy to hydrogen 
research, electrical energy storage, and, 
of course, biofuels (http://www.energy.
gov/news2009/7083.htm).
Regardless of which energy source 
is in vogue, “right now, the science is 
making great progress,” says biofu-
els scientist and engineer Lee Rybeck 
Lynd at Dartmouth College in Hanover, 
New Hampshire. “At the same time, the 
public policy debate is swinging back 
and forth.” Thus, the success of any 
new biofuels technology will depend not 
only on its scientific fitness but also on 
its environmental, political, and social 
resilience.
Plant Biomass: A Tough Nut to 
Crack
When it comes to challenges in devel-
oping and producing biofuels, the most 
formidable is cost. Nature has provided 
plants with sturdy cell walls composed 
of three basic polymers (cellulose, hemi-
cellulose, and lignin) that are tough, and 
therefore expensive, to break down. 
From a plant perspective, this hardy cell 
wall structure is an asset: it girds a plant 
for vertical growth and provides defense 
against insects, microbes, and other 
predators. Cellulose and hemicellulose 
are composed of long strands of glu-
cose (up to 15,000 monomers in length) 
that polymerize and hydrogen bond into ell 138, July 10, 2009 ©2009 Elsevier Inc. 9
microfibers that repel water. Intertwined 
is lignin, made up of ringed aromatic 
molecules called phenyl proprenoids. 
These molecules polymerize via free 
radical reactions and, the stable linkages 
formed, endow a plant with compressive 
resistance.
Chemists have tried traditional meth-
ods such as heat, pressure, or acid, but 
none are robust enough to break down 
plant cell walls and expose the sugar fuel 
source inside. Therefore, researchers 
must use combinations of techniques, a 
costly enterprise, as process engineers 
scramble to find ways to consolidate and 
integrate several technologies into one 
reaction system. And scale-up to rival 
even the smallest petroleum refinery is 
daunting. Thus, biomass recalcitrance is 
an enormous hurdle and getting around 
it has precipitated the emergence and 
divergence of new technologies. Each 
seeks the cheapest way to choose the 
right plant, digest its cell walls (decon-
struction), and change the exposed sug-
ars to fuels such as ethanol (conversion). 
“There’s quite a bit of creativity going 
on,” says Chris Somerville, director of 
the Energy Biosciences Institute, a $500 
million joint collaboration between the 
University of California, Berkeley, the 
Lawrence Berkeley National Labora-
tory, the University of Illinois, and British 
Petroleum. “People are totally rethinking 
the practices.”
Overall, biomass-to-biofuel technolo-
gies can be grouped into three basic 
platforms, according to the intermediate 
material generated: sugar, liquid, or gas. 
With sugar-intermediate technologies, 
plant biomass (feedstock) is processed 
in a low-temperature reactor containing 
enzymes that break down plant cell walls 
and release sugars that can be converted 
to ethanol through fermentation.
Liquid-intermediate technologies hinge 
on heating up a feedstock such as oak 
wood or corn to 600°C and using chemi-
cal catalysts to produce pyrolysis liquids 
or bio-oils, which can be refined directly 
into gasoline or diesel. “The challenge 
with pyrolysis is really controlling chemis-
try at higher temperatures,” says chemical 
engineer George Huber at the University 
of Massachusetts in Amherst. Huber is 
experimenting with catalysts called zeo-
lites that work like molecular sieves. By 
engineering them to have the correct pore 10 Cell 138, July 10, 2009 ©2009 Elsevier Incsize and selecting the best temperature 
and pressure conditions, Huber hopes to 
control these otherwise unwieldy chemi-
cal reactions.
Finally, gas-intermediate technologies 
rely on cooking biomass at tempera-
tures so extreme (700°C to 1000°C) that 
the material vaporizes into a gas, which, 
in turn, can be converted to liquid fuel. 
Traditionally, catalysts performed that 
conversion. But recently, microbiologist 
Ralph Tanner at the University of Okla-
homa discovered an anaerobic bacte-
rium, Clostridium carboxidivorans strain 
P7, that can perform the conversion 
biologically. Tanner has sold the rights 
to license the technology to Coskata 
Inc., based in Warrenville, Illinois, which 
is now developing and marketing this 
microbial syngas technology (http://
www.coskata.com).
Each of the three platforms has advan-
tages and disadvantages. For example, 
methods to convert biomass to sugar to 
fuel are largely biological and therefore 
depend on living microorganisms that fer-
ment sugar to ethanol. Such organisms 
are sensitive to environmental conditions 
in a reactor and can be poisoned as the 
fuel they produce (a waste product, from 
the microbe’s perspective) accumulates, 
with major consequences for scale-up. 
Meanwhile, the technologies to produce 
pyrolysis liquids and syngas rely on 
chemistry, which circumvents the toxic-
ity problems of biology, but require very 
high temperatures, which can unleash 
unwanted reactions and byproducts.
Biofuels research is experiencing a 
surge in new ideas, but which ones will 
win out? “A number of new technologies 
Figure 1. From Field to Car
Miscanthus grass, from which the biofuel gras-
soline is produced, growing in Urbana, Illinois. 
Photo courtesy of S. Long, University of Illinois at 
Champaign-Urbana..will co-exist for the next 10–20 years,” 
says Doug Cameron, Chief Scientific 
Officer for the investment bank Piper 
Jaffray. “And then, as some make bet-
ter sense—and some companies make 
dumb decisions—we’ll settle down to a 
few.” Whatever the outcome, Cameron 
asserts, “we are going to see a lot hap-
pen in the next 2–3 years.”
Biologists Impact the Biofuels Field
Corn, soy, sugar cane, and sugar beets 
are the current plant choices for biofu-
els, but they are not ideal. Sugar cane 
requires a tropical climate for growth; 
corn kernels are a poor source of sugar 
for fermentation. Corn and soy have to 
be replanted each year and are also food 
crops, which makes environmentalists 
nervous.
So biologists are now experimenting 
with more sustainable, fuel-laden crops, 
such as a perennial grass known as mis-
canthus, which can grow up to 14 feet 
tall in a range of climates (Figure 1). The 
downside of miscanthus is that it does 
not self-fertilize and so scientists can-
not reproducibly breed hybrid offspring. 
Hence, plant molecular biologists are try-
ing to manipulate the genes that regulate 
miscanthus fertility, although the molec-
ular basis for fertility in grasses is poorly 
understood. Nor do scientists know the 
molecular players in many other bio-
chemical pathways that regulate plant 
growth or even understand how plants 
produce and assemble cellulose, hemi-
cellulose, and lignin, the very molecules 
targeted for deconstruction into sugars. 
“It’s still shocking how little we really 
know about all this,” says microbiolo-
gist Martin Keller, director of the DOE’s 
Bioenergy Science Center at Oak Ridge 
National Laboratory in Tennessee. “The 
problem is that research in the past was 
directed toward, say, one plant person 
or an enzymologist or a hard core chem-
ist. Never the whole. You need to bring a 
multidisciplinary team together to really 
understand the mechanisms.”
This lack of knowledge also plays out 
at the deconstruction step of biofuels 
production. Plant scientists have identi-
fied only a few cellulases (enzymes that 
digest cellulose), and there is only rudi-
mentary information about their struc-
tures and substrates. Thus, biologists 
are now plunging into hot springs, scrap-
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rumens to find new enzymes in nature 
that might be applied to deconstruc-
tion. Others are characterizing known 
cellulases in the hopes of modifying 
genetic sequences to optimize perfor-
mance. “This is a new era in industrial 
microbiology,” says UC Berkeley’s Chris 
 Somerville.
In a very different deconstruction 
strategy, some plant biochemists are 
genetically modifying the cell wall poly-
mers themselves. This is no easy feat 
as knocking out the enzymes that make 
or assemble lignin results in stunted 
growth. On the other hand, “you can 
really make some truly massive changes 
in the composition and even the struc-
ture of lignin and you cannot tell the dif-
ference,” says plant biochemist John 
Ralph at the University of Wisconsin, 
Madison, a member of the DOE-funded 
Great Lakes Bioenergy Research Cen-
ter. Ralph is engineering linkages into 
the lignin polymers of hardwoods, such 
as conifers, that will be cleaved readily 
under the right chemical conditions.
Lignin is made from a combination of 
three tightly bonded aromatic monomers: 
sinapyl, coniferyl, and para-coumaryl 
alcohols. Based on his four decades of 
plant chemistry experience, Ralph knew 
about a fourth lignin monomer, coniferyl 
ferulate, which has a more labile ester 
bond. By replacing the native mono-
lignins with the ferulate version, Ralph 
and his team are trying to obtain a plant 
with stable lignified cell walls that decon-
struct easily under conditions that cleave 
ester bonds (concentrated ammonia at 
100°C). However, altering the balance of 
any of these lignin components is tricky, 
as cell wall polymers are not proteins built 
from easily interchangeable amino acids 
using an RNA template. Instead, lignin 
self-assembles, guided by enzymes that 
are specific for each type of monomer. 
Therefore, changing a monomer in the 
lignin polymer requires genetically re-
engineering a whole enzymatic pathway. 
Ralph’s team has found a short cut: an 
enzyme located elsewhere in plant tis-
sues that polymerizes ferulate to make 
another compound important in plant 
defense. Their next step is to express 
that enzyme within the cell walls of pop-
ular trees in order to shuttle the ferulate 
into lignin polymers.Meanwhile, molecular biologists are 
also testing their mettle at the last step of 
the process, conversion of sugar to eth-
anol through fermentation by organisms 
such as the yeast Saccharomyces cer-
evisiae. But biofuel production involving 
microorganisms is difficult and expen-
sive to scale-up to a level anywhere 
near that of the petroleum industry. The 
problem is, when ethanol builds up to a 
commercially interesting level, the yeast 
that produce it die. “Making fuels is not 
what a cell wants to do,” explains physi-
cal chemist and engineer Adam Arkin at 
UC Berkeley. “So, we thought, we are 
pretty good at understanding tolerance. 
So let’s go with trying to understand and 
better engineer the ability of these cells 
to survive, reproduce and grow when 
eating these feedstocks and expressing 
these chemicals.”
Relying on combinatorial genomics, 
Arkin and his team use genome librar-
ies from yeast and the sugar-ingesting, 
fuel-producing bacterium Zymomonas 
mobilis. Based on methods pioneered by 
biochemist Ronald Davis at Stanford Uni-
versity, Arkin created deletions in every 
Zymomonas gene and “bar-coded” them 
with a 20-nucleotide DNA tag. Arkin and 
his team are now exposing the bacteria, 
containing different gene deletions, to 
various fuels and toxic byproducts, such 
as hydrolysate inhibitors, and observ-
ing how well the microbes survive. The 
next step is high-throughput metabolic 
screens to tease out the genes that 
confer fitness. The group will then engi-
neer these Zymomonas fitness genes 
in different combinations into the same 
organism and look for synergies. “We 
already are learning a great deal of biol-
ogy,” Arkin says, “while providing a very 
effective platform for developing new 
organisms for industrial use.”
That industrial use might extend 
beyond biofuels to commodity chemi-
cals, foods, cosmetics, pharmaceuticals, 
virtually anything that currently is made 
from petroleum. “We have 204 high-
value commodity chemicals, alone, that 
come from the same pathway as biofu-
els,” Arkin notes. “The next thing you will 
see is the growth of biofuels’ spin-offs.”
Scaling-Up and Rolling Out
Whichever fuel-producing technology 
wins, be it biological or chemical or 
both, it has to survive the gauntlet of 
scalability and distribution. “It’s not just 
about the science, it is also about the 
conversion technology and the process 
plants that are going to make those 
fuels,” says Paul Willems, Technology 
Vice President for Energy Biosciences 
at British Petroleum.
A daunting obstacle often arises when 
technologies that are stellar in the lab 
enter the real world. Feedstocks are 
dirty, for example, and contaminants 
may inhibit cellulases or poison fuel-
converting organisms. Or fuel molecules 
might be difficult to separate out from 
the fermentation broth. At the same time, 
process engineers think about issues 
such as the size of future process-
ing facilities and where they should be 
located. Feedstocks provide low energy 
Box 1. Lessons from Brazil
For a lesson in biofuels success, Brazil is the award-winning teacher. Facing oil prices of $86 per 
barrel in the early 1980s (compared to $9 in the late 1960s), the Brazilians took action. Scientists 
engineered ethanol production from sugar cane, a major cash crop in Brazil, and engineers 
manufactured vehicles that could run on pure ethanol or a gas-ethanol mix called “gasohol” that 
is more corrosive than gasoline alone. Then oil prices dropped in the late 1980s, the govern-
ment pulled its ethanol subsidies, and people abandoned their ethanol-fueled vehicles in favor 
of cheaper gasoline-fueled cars. Still, biofuels production and use survived and thrived in Brazil 
because Brazilian scientists and engineers discovered ways to make the process more efficient 
(breeding sugar cane to increase its yield per hectare of land, for example). And the govern-
ment, through tax breaks and incentives, pushed automakers to manufacture flexible fuel cars 
that could run on gasoline, ethanol, or mixes of both. Today, Brazilians are further optimizing 
the yield of biofuels by genetically engineering sugar cane and the efficiency of biofuels through 
advances in engine design. And ~90% of Brazilians own flex fuel vehicles. As long as oil prices 
stay above $25 per barrel (currently crude oil is ~$66 per barrel), Brazilians will save money by 
driving cars that run on ethanol, according to Carlos Henriques de Brito Cruz, Scientific Direc-
tor of the Foundation for the Support of Research of the State of Sao Paulo (FAPESP). Even if 
oil prices drop, Brazilians can choose the exact percentage of ethanol in their fuel tank. “The 
beautiful thing is that the decision is transferred completely from government and automaker to 
the owner of the car,” says Cruz. “It’s power to the consumer.”
return per ton of biomass. Thus, hauling 
truckloads of miscanthus to a process-
ing plant would require so much energy 
for transportation that it would offset the 
energy produced from the miscanthus-
derived grassoline. So biofuel process-
ing plants need to be smaller entities, 
located close to the feedstock source. 
“It is not clear what the landscape will 
look like as this industry rolls out,” says 
Timothy Donahue, director of the DOE’s 
Great Lakes Bioenergy Research Center. 
“There are a lot of infrastructure issues 
that have to be sorted out.” UC Berke-
ley’s Somerville estimates that an over-
all capital investment of $325 billion or 
more will be needed to build biofactories 
that can produce the 65 billion gallons 
of biofuel needed to meet 2030 national 
goals. “There is nothing else on that 
scale except for the petroleum industry,” 
he says. “This is really, really big.”
Science and scalability, however, are 
not the only challenges ahead. Social 
issues factor in, as well. Automakers still 
have to build vehicles that run on the 
new biofuels at a price and level of per-
formance that consumers will accept. 
If biofuels or the cars that use them 
become too expensive, or if engines 
corrode because an alternative fuel is 
not hydrophobic enough, then people 
won’t buy them. “The fuel that we use 
today and the vehicle parts that run on 
it have been tuned to each other for the 
last 100 years,” says Willems. “So when 
something new enters the mix, without 12 Cell 138, July 10, 2009 ©2009 Elsevier Incthe consumer in the equation, it is pretty 
tricky.” However, the success of biofuels 
production and flex fuel car use in Brazil 
(Box 1) suggests that there is plenty of 
mileage in biofuels.
But there are also potential political 
roadblocks. Researchers must deal with 
the current food for fuel outcry, in which 
environmentalists claim that making 
biofuels from an acre of land dedicated 
to food will promote more ecological 
destruction and influence food prices. 
“We really care about the environment 
and the long-term effects of biomass pro-
duction,” says Somerville. “Food for fuel 
is not sustainable. Therefore, we would 
like to replace that with crops grown on 
land not used for food.” Somerville’s team 
is investigating ways to find land that has 
gone out of production due to salination 
or pollution, for example, and to geneti-
cally engineer crops dedicated to biofuel 
production that can grow on this land.
Finally, there are sustainability issues 
relating to the biofuels industry itself. 
The ultimate question of whether bio-
fuels will make it as a viable alternative 
to fossil fuels comes down to cost. Can 
scientists engineer methods to make 
biofuels cheaply enough to rival gaso-
line at the pump? Right now, biofuels 
development is in its early adolescence 
and needs the backing of government to 
thrive. That does not mean simple subsi-
dization. Government also sets policy. For 
example, the Energy Independence and 
Security Act of 2007 mandates that new .sources of renewable energy and fuels 
must meet more stringent greenhouse 
gas emission thresholds (http://www.
epa.gov/oms/renewablefuels/420f09023.
htm). But it was only last month that the 
US Environmental Protection Agency 
(EPA), commissioned to implement part 
of that policy, proposed what those new 
thresholds should be. For second-gener-
ation biofuels, the EPA mandates a 60% 
reduction in greenhouse gas emissions 
(measured over the entire biofuel lifecy-
cle—from production, transport, and land 
use to distribution, blending, and end use) 
compared to the threshold levels set for 
gasoline in 2005 (http://www.epa.gov/
oms/renewablefuels/420f09023.htm).
It is not yet clear what effect this or 
any other new legislation will have on 
the fledgling biofuels industry. But some 
regulations could favor one type of tech-
nology over another for political rather 
than scientific reasons. “The last thing 
we need is the government specifying 
which technology will be the winner,” 
says Somerville. “There is a tendency 
to do this. Corn farmers have been very 
effective in specifying corn ethanol.”
Whether the winner is ethanol from corn 
or grassoline from miscanthus, whether it 
is a sugar, bio-oil, or syngas-based tech-
nology, the jury is still out. But biofuels 
are very much in. “We have reached a tip-
ping point,” Lynd says. “If we are going to 
have sustainable transportation, biofuels 
almost certainly have to be a part of it. 
This is not discretionary.”
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